The data set utilized for the bulk of this study is the Viking Orbiter II (VO II) global approach mosaic provided to us in digital form early in the study by L. Soderblom. This data set was very important because of its wide coverage and good spatial resolution. Since the data were carefully reduced to normal albedo in each of three filters [Soderblom et al., 1978], they have more direct bearing on surface mineralogy than any other orbital data. Other Viking mission data sets became available in digital form as the study progressed, and they were included in the unit characterization discussion; they were not, however, incorporated into the definition of unit boundaries. Mineralogy and composition were considered most important in defining units. These ace very directly related to surface processes and to the evolution of the surface and interior. Essentially all previous geologic maps rely on surface morphology alone.
INTRODUCTION
This article presents the major results of a study to determine the nature and regional extent of compositional units on a global scale for the Martian surface. A secondary purpose was to develop and use interactive computer image processing techniques on planetary spacecraft data sets to map lithologic units. The procedures and techniques used are discussed in some detail because they represent a new approach in some cases. These data-handling techniques are now being applied to new studies of Mars and to other data sets such as the Voyager Galilean satellite images and the Galileo mission NIMS test data sets.
The data set utilized for the bulk of this study is the Viking Orbiter II (VO II) global approach mosaic provided to us in digital form early in the study by L. Soderblom. This data set was very important because of its wide coverage and good spatial resolution. Since the data were carefully reduced to normal albedo in each of three filters [Soderblom et al., 1978] , they have more direct bearing on surface mineralogy than any other orbital data. Other Viking mission data sets became available in digital form as the study progressed, and they were included in the unit characterization discussion; they were not, however, incorporated into the definition of unit boundaries.
It should be kept in mind that the product of this study, the unit map, represents a snapshot at a particular season on this rather dynamic planetary surface. A major aspect of this project, not fully appreciated by some of us at the onset, was the role of condensates in affecting the observed surface optical properties. Condensate units turned out to be a major subset of the defined units and are interesting in their own right.
This article is organized into six major sections. Section 2, the unit map, discusses the data base and describes the analytical approach used to produce the unit map as well as the inherent limitations of the final product. Section 3, interpretation of R-V color relationships, discusses factors influencing color relationships including condensates, mixing of surface types, and geometric effects. Earth-based telescopic and laboratory measurements are utilized to help interpret the significance of various defined units. Correlation of the unit map with other types of data, such as thermal inertia and rada r measurements, is presented in section 4. Section 5, characterization of units, presents a synthesis of conclusions about the composition and relationships of the various unit types. A short statement of summary and future directions is given in section 6. Several factors, however, caused obscuration, including some highlevel condensates visible along the limb and near the terminator, condensate fog and/or deposits over some regions, and the prominent late southern winter polar cap extending to about 40øS latitude. The solar phase angle (a) of all images was 106 ø. Coverage extends from 30øN to 63øS latitude and through 360 ø of longitude. The data we obtained were in standard Mars Consortium format, simple cylindrical projection with ¬o per picture element (pixel) (• 15 km/pixel at the equator and 7 km/pixel at 60 ø latitude). These maps were reformatted by us into Mercator projection. It should be noted that these data were not used in an equal-area projection, and therefore the polar regions are statistically somewhat oversampled. Data were received as 8-bit integer numbers and were converted to floating point for all subsequent processing and display.
The details of the original data processing are discussed by Soderbiota et al. [1978] , but some points bear reiteration here. Standard Viking processing of orbital image data (high pass filtered; referred to as SCR images) emphasizes fine morphological details at the expense of much of the lower spatial frequency quantitative radiometric information (albedo). Soderblom et al. [1978] , however, spent considerable effort in order to preserve accurately the photometric information in the data. Before being placed into a mosaic, each frame was corrected for limb darkening and phase effects by use of a wavelengthindependent near-Lambertian Minnaert function (K = 0.95). Camera/filter responses were derived from inflight calibrations [Klaasen et al., 1977] . A seam removal technique, described in detail by Soderblom et al. [1978] , was used on the completed mosaics. Our experience with these global data suggests that this seam removal procedure may have lead to some photometric inaccuracies in the final product, as was recognized by Soderblom. Detailed inflight bandpass calibration data were provided by K. Klaasen (personal communication, 1979) . The white light responses of the violet and red bandpasses are shown for VOII camera A in Figure 1 , superimposed on representative Martian reflectance spectra [McCord et al., 1977a] . The width and irregular shape of these bandpasses make it difficult and perhaps misleading to quote a nominal center wavelength; the effective band center can shift considerably depending on the spectral nature of the incident flux (see section 3.4.1 for a more detailed discussion). For Mars-like materials the center wavelength values used by Soderblom et al. [1978] are close to correct and will be used here also: violet, 0.45 •m; green, 0.53 •m; and red, 0.59 •m. Although these bandpass names are somewhat misleading, since "violet" is closer to being subjectively blue and "red" is closer to orange, the standard Viking terminology will nevertheless be used here to maintain consistency. Because of the great width of the green bandpass and its overlap with the red bandpass, as well as noticeable round-off errors in initial integer processing, data taken through the green bandpass proved to contain little additional information over red and violet data and were not used for this work.
This study concentrated on a specific region of the Martian surface (Figure 2 ) by choosing an area (30øN to 60øS latitude and 285 ø to 50 ø longitude) that had minimum atmospheric/condensate effects, high data quality, and photometric consistency. A "true color" image (similar to what the eye would see) has been simulated from the red and violet Viking bandpasses and is presented in Plate 1 for the Mars surface area studied here.
It is difficult to assess the formal precision and accuracy of the data in this core region. Based on our experience with the data and discussions with others (L. Soderblom et al., personal communications, 1978 Soderblom et al., personal communications, , 1979 ; K. Klaasen, personal communication, 1979) , the albedo data seem largely to be within +_ 15 % of the correct albedo value (standard deviation of the mean is estimated to be 0.15).
Condensate and condensate-affected regions were included in this mapping program. These areas were felt to be within the good quality data and are considered legitimate units for the time the data were acquired.
Data Analysis: Production of the Unit Map
For the reasons outlined above, the major data sets used in this paper are the red and violet normal albedo maps of the Martian surface generated by Soderblom et al. [1978] . The most difficult task was to determine the boundaries between core units and whether some clusters should not in fact be considered the same unit with minor property variations within that unit. These decisions were made by drawing R-V cluster boundaries at the computer and reviewing the result on the corresponding Mars unit map. Moving the boundaries of the unit definition diagram and watching the Mars unit map boundaries move gave a good indication of which units were gradational, one to another, and which had sharp transitions between them. In the latter case it was relatively clear where to choose the boundary. In the former case a best professional judgment had to be made based on the data available and knowledge of Mars. Thus the procedure followed to derive the Mars unit map was highly iterative and to some extent subjective.
In this way a set of global "rock and soil" units was defined. A similar unit definition procedure was carried out for the "condensate" units. Since no obvious peaks were discerned in the condensate histogram of Plate 2, boundaries were drawn around the condensate ridges. The resulting elongated unit definitions were separated by transverse boundary lines where faint "valleys" appeared in the topography of Plate 2.
It should be noted that in using this data base and projection the polar regions are oversamples relative to the equatorial regions, as mentioned in section 2.1. Thus there are more pixels for an equal area on Mars of polar unit than for an equatorial unit in the R-V histogram (Plate 2). Because the quantitative information in Plate 2 (number of pixels per unit) is not used rigorously in the unit map derivation, we have not corrected for this effect. Further analysis of these units, however, might warrant an equal-area correction.
The To aid in using the unit definition diagram (Plate 3) and the unit map (Plate 4), the units were assigned names derived from their optical properties only. Figure 6 defines the unit names which will be used throughout this article.
Limitations of the Unit Map
There are some recognized limitations of the unit map generated here which are due at least in part to the imperfections of the data base and the oversimplification of the processing techniques. We recognize that many and perhaps most of the units that we seek to understand are subject to change with time. This is especially true of the condensate units but also holds for lithologic units of the surface that, for example, are known to change in appearance with the movement of wind-blown material. Our unit map is a "snapshot" of the planet at a particular time; however, the compositional interpretations that follow may have a more general significance as a guide to interpreting surface units at any time. 
Mixing
A schematic diagram of R-V space is shown in Figure 7 to illustrate some principles of color modification caused by mixing with various components. An arbitrary Mars-like R-V value has been chosen to represent a starting material "X." As discussed in some detail elsewhere [e.g., Singer, 1981 Singer, , 1982 , intimate mixing usually does not produce simple linear (additive) variation between end member spectral properties, while larger-scale ("checkerboard") mixing does. The spectral effects of optically thin condensates in the atmosphere or on the surface have not been rigorously determined but are expected to vary with physical mixing conditions. What these possible cases do have in common is that a mixture cannot have spectral properties more extreme than either end member [Singer, 1981 [Singer, , 1982 Clark, 1981] . For simplicity, then, the trends to be discussed below are shown qualitatively as though they behaved in a simple linear manner.
3.2.1. Mixing with a constant color phase (R = V). Over a limited spectral range, such as discussed here, mixing of a colored phase with an opaque or near-opaque phase does in fact produce an almost linear trend between end members (here represented by "X" and an unaltered basalt or glass in Figure 7 ) [Singer, 1981; J. B. Adams, unpublished data, 1981] . This behavior can be estimated by a weighted average of end member spectral characteristics, and in some cases it approximates a mechanism for changing brightness without changing color (R-V). To first order, this mechanism is a wavelengthindependent removal of photons from the system by the dark end member. Care must be taken not to extend this reasoning over larger Mixing with a white phase (such as pure condensate) would make a typical Mars surface unit both brighter and bluer, as shown in Figure   7 . The details of color variation depend in a complicated way on the spectral characteristics of the starting material as well as on the physical geometry: for example, whether there is an optically thin condensate cloud overlying the surface or a physical mixture of soil and condensate particles. While the spectral behavior for these cases has not yet been completely studied in this wavelength region, it is clear that both color and brightness are modified simultaneously [Clark, 1981] .
That is, mixing with condensates does not provide a mechanism for changing only the color or only the brightness of a colored starting A certain amount of diagonal stripping in the south polar condensate region west of Hellas is visible in the "true color" image (Plate 1) and to a lesser degree in the unit map (Plate 4). These correlate with frame boundaries and may be due in part to some of the mechanisms discussed above. Another possible cause is imperfect photometric correction at high emission angles, as discussed by Soderblom et al. [1978] .
3.3.2. Latitudinal variations. As discussed above, the atmospheric humidity was probably high enough throughout the region to form condensates at night. Average surface temperatures ranged from dawn lows of 180 K in the north (30øN) and 150 K in the south (55øS) to midday highs of 270 K in the north and 150 K in the south [Kieffer et al., 1977] . At latitudes south of 35øS, temperatures remained below the H20 frost point throughout the day during this season, and condensates could have accumulated to significant thicknesses [Farmer and Doms, 1979] . Farther south, CO2 ice would have been stable. The rate of condensate loss would be greater, and longitudinal variations within a frame would be expected to be more abrupt toward the north.
A latitudinal effect definitely present in these data is the general trend toward progressively lower R-V toward the north from about the equator or 10øN. This is due to optically thin condensate clouds or fog which become increasingly apparent toward the north because of extreme emission angles [Soderblom et al., 1978] and probably due to increased condensate abundance as well.
3.3.3. Elevation effects. During the early morning hours, basins, chasmas, and other smaller-scale depressions would, in general, have tended to accumulate more frosts and hazes than adjacent highlands and slopes, since the coolest, densest, and most humid atmosphere would have tended to settle into the lowest spots. To a lesser extent, the higher-aerosol contents of the longer atmospheric columns over the lower elevation regions could also have produced an effect: if the aerosols were principally condensates, the R-V ratios would tend to have been lowered, but suspended dust would have acted to inCrease the apparent R-V ratio of the lower surface units. 
Laboratory Data
The wavelengths admitted by the violet and red bandpasses on the orbiter cameras are sensitive to the changes in slope of the Mars spectral reflectance curve, which is caused by an Fe 3* absorption edge. The two filters, therefore, can easily distinguish the flat curves of gray (or black) materials such as fresh basalts from the oxidized equivalent materials which show increased reflectance in the red bandpass. In addition, some very subtle differences in oxidation and hydroxylation (and, therefore, in mineralogy) can be measured by the R-V ratio, as will be discussed below. It is important to keep in mind, however, that the red and violet bandpasses if used strictly by themselves are inadequate to determine the type of material being measured. If the R and V data are used in conjunction with other information such as telescopic spectral curves (which employ many bandpasses) and laboratory spectral curves of analog materials, it is possible to arrive at reasonable models for at least some of the materials that compose the units on the map.
The approach adopted here is that the materials which actually compose the map units probably have spectral reflectance properties akin to the family of spectra that have been determined from telescop- Figure 9 ) regardless of particle size nor do they conform to the telescopic spectra. Therefore they can be eliminated as likely major components of the optical Martian surface. Pure samples of hematite and of goethite also do not conform to the telescopic spectra, but they are shown in Figure 9 as reference points. Hematite is characterized by being high in red albedo but low in violet albedo. The V albedo for hematite (3.5%) is close to that for the fresh black basalts and for a synthetic Fe •* gel. There appears to be a lower limit to the violet albedo near 3 % that is caused by a saturation of the Fe •* absorptions; reflectance with a constant minimum value of about 3% at these wavelengths is probably mainly specular. Lower values may require geometric effects such as shadowing to attenuate photons.
Goethite has higher R and V values than does hematite and is therefore brighter and less red in appearance. The change in the spectrum from hematite to goethite results from increased hydroxylation which requires changes in size and distortion of the Fe •* sites as OH is incorporated into the crystal structure [Anderson and Huguenin, 1977 ]. Evans and Adams [1979, 1980] 14ø-21øS, 3ø-6øS, 2ø-4øN, 10ø-12øN, and 21 ø-23øN . Both data sets are referenced to the 6.1-mbar pressure surface [Kliore et el., 1973] and provide information on surface elevations with an estimated accuracy of 1-2 km and about 100 m, respectively. Comparisons between the two data sets indicate, however, that some disparity exists between the respective estimates of surface elevation [Downs et el., this issue]. Due to the inherently greater accuracy of the radar system compared to the diverse data base used for the 1:25,000,000 map [Wu, 1978] , we have consequently employed the radar-derived topography in this analysis despite the smaller areal coverage of these height estimates.
As a means of assessing the role that the altitude of a surface may have on its color and albedo characteristics, the segments of the unit map between 23øN-21øS and 284ø-48øW, for which radar-derived elevations exist, were divided into 2 ø latitude/longitude sample boxes.
Approximately 700 point estimates of the mean elevation were derived from the radar data by this method. For each of the color units for which such height estimates were derived, the mean elevation of the unit was calculated and compared with the red and the violet albedos indicated in the Viking approach images (Figure 12 vation of these two groups of color units has the apparent effect of increasing their albedo while keeping their color constant.
Thermal Inertia
The thermal inertia measurements of Kieffer et al. [1977] , which indicate the rate at which a surface warms or cools, are available for a region of the unit map that extends between 10øN and 30øS. These data exist in the form of a contoured 1:25,000,000 map and represent the mean thermal inertia for a surface element measuring 2 ø in latitude and longitude. Figure 13 ). In this figure it is apparent that unit B, (which corresponds to central Arabia) is very unusual, with less than half the thermal inertia value of any other color unit. Unit B2, which occurs farther north in Arabia, also shows slightly lower inertia values, but it is evident that a large range of thermal values are associated with this color unit. With the exception of units B, and B2, however, all the other color units seem to follow a weak trend of low thermal inertia at high elevations and progressively higher (by up to 50%) inertia values with decreasing elevation.
An instructive way in which to consider the thermal characteristics of each of the color units is to examine a plot of the mean thermal inertia compared to the mean radar-derived altitude values of Downs et al. [this issue] (
Such a correlation between these two data sets has been previously observed by Jakosky [1979] , who offered several explanations for the phenomenon: The thermal conductivity (and hence the thermal inertia) of a porous material will depend on the pressure of the interparticle gas, which, in turn, depends upon the elevation of the surface due to decreasing atmospheric pressure with increasing elevation. Atmospheric dust will also cause an apparent decease in inertia as the atmospheric opacity decreases with increasing altitude. Finally, a correlation between elevation and apparent thermal inertia may be an effect induced by a change in the particle size distribution with height. Jakosky [1979] cites the situation where fine wind-blown particles may be preferentially deposited at higher elevations, reducing the thermal inertia values. Such a situation appears, for example, to be a reasonable interpretation for the low inertia values associated with the eroded materials located in Arabia (unit B,) . [ 1973, 1975, 1978] . The locations of these areas are given in Table 1 . [1978] . This is apparently a combined effect of increased physical abundance of condensates and increased optical affect due to large viewing angles to the north. The only occurrence of a B unit south of the equator is the exposure of B2 along the northern rim of Hellas basin with a western extension into Hellespontus, where it is transitional to obvious condensate-affected areas.
In conclusion, the most likely surface expression of global dust and/or high-albedo soils in these VO II approach data is unit B,, located predominantly north of Sabaeus Sinus in the classical bright region Arabia. Brightness differences compared to earth-based spec-. trophotometry are probably largely due to observational phase angle differences. Units B2 and B, probably represent simila r surface materials but with progres•sively increasing optical contaminations by Condensate clouds. An important task for future studies is to examine this region under different meteorological and geometric conditions to see if correlations with other data sets improves. Compositionally, the current best terrestrial analog for earth-based, Viking lander, and Viking orbiter spectral observations is the fine-grained amorphous weathering product of mafic volcanic glass (tephra) found at a number of locations in Hawaii [Evans andAdams, 1979 Before discussing specific units, two observations should be mentioned. First, as can be seen in Figure 6 , all of these dark materials are "red" (R>V). Even the maximum atmospheric dust correction (discussed in section 3) does not place unweathered basalt or glass in a populated region of the R-V diagram (cf. Figure 9) . Second, many of these units are darker and redder than telescopic observations of dark regions indicate. There are two likely mechanisms for the apparent albedo discrepancies. Because telescopic observations average spectral characteristics over regions hundreds of kilometers in diameter, smaller regions with very low albedo cannot be observed in a "pure" form. Modeling such a viewing situation and removing the spectral contribution of surrounding brighter materials from telescopic observations yield lower-albedo dark materials which are also, however, less red 
SUMMARY AND FUTURE DIRECTIONS
The picture of the Martian surface that appears from this study is a complicated one, with temporal units of condensates and dust but also with fixed, perhaps very old units related to crystalline rock. We believe there is much material for productive future study, including prime regional sites for sampling basic rock units. At least one lowtemperature alteration process has operated on Mars, perhaps one similar to that for certain terrestrial semiarid volcanic sites, to produce the global dust and dust-derived sediments and coatings. Additionally, there is now evidence for higher-temperature, more hematitic alteration of certain ancient crustal exposures.
It is clear that multispectral images combined with reflectance spectra of at least certain regions can be used effectively to map and monitor units on a planetary surface (especially one with relatively few atmospheric clouds and no vegetation). The approach used here has worked well, we feel, and that in itself is one of the results of the project.
The results presented here should form a beginning rather than an end. The unit map and the discussion of the unit materials as well as the approach used could form the basis of many local, regional, and topical studies. Newer, more informative data sets are becoming available, and they could be dealt with in a similar manner, while using the results described here as a reference point. Studies of unit boundaries at higher spatial resolution should prove fruitful, for example, as should correlation studies among a wider variety of digital data sets.
Of greatest importance would be the acquisition of a multispectral image data set with greater spectral range and resolution, such as the Galileo mission near infrared mapping spectrometer experiment is to produce for the Galilean satellites. Acquisition of this data set can begin using earth-based telescopes during the coming good Mars oppositions. Because of spatial resolution limitations for earth-based measurements, only the larger unit occurrences (>100 km) can be studied. Higher spatial resolution observations can be made from earth orbit, using the Space Telescope or smaller shuttle-borne instruments. But ultimately a Mars orbiting mission carrying a full mapping spectrometer is required to answer many questions about composition and evolution across the Martian surface. cessing facility at the University of Hawaii, the laboratory spectrometer facility at the University of Washington, and the photogeologic facility at Brown University were central to the project. We are appreciative of this support and especially of the help given by Ann Meloy, Duncan Chesley, Karl Hinck, Wendy Harrison, and Pam Owensby. This work was funded by grants to the authors from the NASA Office of Space Science and Applications. Planetary Geosciences Division, Hawaii Institute of Geophysics publication 249; HIG 1301.
